Aims/hypothesis We aimed to examine prospectively the association between a range of retinal vascular geometric variables measured from retinal photographs and the 6 year incidence and progression of diabetic retinopathy. Methods We conducted a prospective, population-based cohort study of Asian Malay individuals aged 40-80 years at baseline (n = 3280) who returned for a 6 year follow-up. Retinal vascular geometric variables (tortuosity, branching, fractal dimension, calibre) were measured from baseline retinal photographs using a computer-assisted program (Singapore I Vessel Assessment). Diabetic retinopathy was graded from baseline and follow-up photographs using the modified Airlie House classification system. Incidence of diabetic retinopathy was defined as a severity of ≥15 at followup among those without diabetic retinopathy at baseline. Incidence of referable diabetic retinopathy was defined as moderate or severe non-proliferative diabetic retinopathy, proliferative diabetic retinopathy or diabetic macular oedema at follow-up in participants who had had no or mild nonproliferative diabetic retinopathy at baseline. Progression of diabetic retinopathy was defined as an increase in severity of ≥2 steps at follow-up. Log-binomial models with an expectation-maximisation algorithm were used to estimate RR adjusting for age, sex, diabetes duration, HbA 1c level, BP, BMI, estimated GFR and total and HDL-cholesterol at baseline. Results A total of 427 individuals with diabetes participated in the baseline and 6 year follow-up examinations. Of these, 19.2%, 7.57% and 19.2% developed incidence of diabetic retinopathy, incidence of referable diabetic retinopathy and diabetic retinopathy progression, respectively. After multivariate adjustment, greater arteriolar simple tortuosity (mean RR 
liferative diabetic retinopathy or diabetic macular oedema at follow-up in participants who had had no or mild nonproliferative diabetic retinopathy at baseline. Progression of diabetic retinopathy was defined as an increase in severity of ≥2 steps at follow-up. Log-binomial models with an expectation-maximisation algorithm were used to estimate RR adjusting for age, sex, diabetes duration, HbA 1c level, BP, BMI, estimated GFR and total and HDL-cholesterol at baseline. Results A total of 427 individuals with diabetes participated in the baseline and 6 year follow-up examinations. Of these, 19.2%, 7.57% and 19.2% developed incidence of diabetic retinopathy, incidence of referable diabetic retinopathy and diabetic retinopathy progression, respectively. After multivariate adjustment, greater arteriolar simple tortuosity ( [1.12, 1 .61]) was associated with diabetic retinopathy progression. Addition of retinal vascular variables improved discrimination (C-statistic 0.796 vs 0.733, p = 0.031) and overall reclassification (net reclassification improvement 18.8%, p = 0.025) of any diabetic retinopathy risk beyond established risk factors. Conclusions/interpretation Retinal vascular geometry measured from fundus photographs predicted the incidence and progression of diabetic retinopathy in adults with diabetes, beyond established risk factors.
Introduction
Diabetic retinopathy, a leading cause of acquired blindness, is the most frequent and specific diabetes-related microvascular complication [1, 2] . Early detection of diabetic retinopathy and more severe levels is a key strategy to prevent blindness and visual impairment. In some population-based screening programmes (e.g. UK Singapore), it is useful to predict individuals at risk of 'referable levels of diabetic retinopathy', usually defined as moderate or worse diabetic retinopathy and/or diabetic macular oedema (DMO) [3] [4] [5] .
It has been suggested that changes in the structure and pattern of the retinal vasculature early in the course of diabetes may be a risk marker of subsequent risk of diabetic retinopathy [6] . In this regard, several studies have reported on the relationship between variation in calibre of the retinal vessels (e.g. wider venules) and severity of diabetic retinopathy [7] [8] [9] . However, most studies have been cross-sectional, and the few prospective studies have shown inconsistent results; for example, wider retinal arteriolar calibre was associated with increased risk of diabetic retinopathy in some studies of type 1 [10, 11] and type 2 [12] [13] [14] diabetes, but not others [15] .
According to Murray's principle [16] , the branching pattern of vascular networks develops to minimise the energy required to maintain efficient blood flow. Therefore, deviations or alterations from an optimal retinal branching network are considered to result in impaired microcirculatory transport, increased shear stress, reduced efficiency and hence greater risk of vascular damage [6] . Based on this, a range of newer retinal vascular geometric variables (e.g. tortuosity, branching, fractal dimension) have been described. Most studies have explored the relationship between these newer variables and systemic diseases such as stroke and CHD [17] [18] [19] . There are few prospective data on whether these variables predict subsequent diabetic retinopathy [14, 20, 21] .
In this study, we prospectively examined the association of retinal vascular geometric variables (tortuosity, branching, fractal dimension) and vessel calibre with 6 year incidence and progression of diabetic retinopathy in a populationbased cohort with type 2 diabetes.
Methods

Study population
This was derived from the Singapore Malay Eye Study (SiMES), a population-based study of eye diseases in Asian Malay adults aged 40-80 years at baseline residing in Southwestern Singapore. In brief, participants were selected using an age-stratified (by 10 year age group) random sampling method from a computer-generated list provided by the Singapore Ministry of Home Affairs. Of 4168 eligible participants, 3280 (response rate 78.7%) participated in the baseline study, conducted from 2004 through 2006 (SiMES-1). The 6 year follow-up examinations were conducted between 2011 and 2013 (SiMES-2). After excluding 415 individuals who died, 126 who were terminally ill or cognitively impaired, and 103 patients who could not be contacted or had moved away, 1901 of 2636 eligible individuals (response rate, 72.1%) participated in SiMES-2. [22] .
Participants underwent a standardised interview, systemic and ocular examination, and laboratory investigations at both baseline and follow-up. The study's methodology and objectives have been reported in detail elsewhere [22] . Written informed consent was obtained from each participant; the study conducted adhered to the Declaration of Helsinki. Ethical approval was obtained from the Singapore Eye Research Institute Institutional Review Board.
Definition of diabetes
Diabetes mellitus was identified if a random plasma glucose was ≥11.1 mmol/l, HbA 1c was ≥6.5% (48 mmol/mol) or participants self-reported use of hypoglycaemic medication or had physician-diagnosed diabetes. In this study, participants were considered to have type 2 diabetes if they had been diagnosed as having developed diabetes after 30 years of age.
Assessment of diabetic retinopathy
Digital retinal fundus photography employed a 45°digital retinal camera (Canon CR-DGi 10D; Canon, Tokyo, Japan) after pupil dilation using tropicamide 1% and phenylephrine hydrochloride 2.5%. Two retinal photographs of each eye were obtained, one centred on the optic disc and the other on the fovea. Diabetic retinopathy was graded from baseline and followup retinal photographs using the modified Airlie House classification system. Diabetic retinopathy was defined as present if the retinopathy level was ≥15 [23] . The severity score from the worse eye was used for each individual. If the images from one eye were ungradable, the scores for the fellow eye were used to define the outcomes [24] . Severity of diabetic retinopathy was further categorised into minimal non-proliferative diabetic retinopathy (NPDR; level [15] [16] [17] [18] [19] [20] , mild NPDR (level 35), moderate NPDR (level [43] [44] [45] [46] [47] , severe NPDR (level 53) and proliferative diabetic retinopathy (PDR, level ≥60). DMO was defined as hard exudates in the presence of microaneurysms and blot haemorrhage within one disc diameter from the foveal centre, or presence of focal photocoagulation scars in the macular areas.
We defined two primary endpoints for this study:
& incidence of diabetic retinopathy was defined as a severity of ≥15 at follow-up in participants free of diabetic retinopathy at baseline; & incidence of referable diabetic retinopathy was defined as newly developed moderate NPDR, severe NPDR, PDR or DMO at follow-up in those with no diabetic retinopathy, minimal or mild NPDR and no DMO at baseline. This endpoint is clinically useful because, in diabetic retinopathy screening programmes, individuals with referable diabetic retinopathy are referred to eye specialists and ophthalmologists for review, while those with no diabetic retinopathy or minimal or mild diabetic retinopathy continued to be screened in primary care [3, 4] .
We also defined two secondary endpoints: [24] . Progression of diabetic retinopathy was defined as an increase in severity level of ≥2 steps at follow-up in those with steps 10/10 to 53/53 at baseline [24] .
Measurements of retinal vascular geometric variables
We used a semi-automated computer-assisted program (Singapore I Vessel Assessment [SIVA], version 4.0; National University of Singapore, Singapore) to quantitatively measure a range of retinal vascular geometric variables (tortuosity, branching, fractal dimension) and calibre from baseline optic-disc-centred retinal photographs. SIVA automatically identifies the optic disc, places a grid with reference to its centre, identifies vessel type and calculates retinal vascular variables. Trained graders, masked to participant characteristics, were responsible for visually evaluating SIVA automated measurement and for manual intervention if necessary according to a standardised protocol [19] . The measured area was standardised and defined as the region between 0.5 and 2.0 disc diameters from the disc margin, and all visible vessels coursing through the specified zone were measured (Fig. 1 ).
We used a photograph of each participant's right eye; if this was ungradable, the measurement was performed on the left eye. Intra-and intergrader reliability for measurements were high (CV 0.33-18%) and have previously been reported [19] .
Tortuosity Two measures of vessel tortuosity were used [25, 26] . Simple tortuosity was computed as the actual path length of the vessel segment divided by the straight-line length. Curvature tortuosity was computed as the integral of the curvature square along the path of the vessel, normalised by total path length; this measure is dimensionless as it represents a ratio. Retinal vascular tortuosity reflects the straightness/ Fig. 1 Measurement of retinal vascular variables (tortuosity, branching, fractal dimension, calibre) from a retinal photograph using SIVA (National University of Singapore, Singapore). SIVA automatically identifies the optic disc, places a grid with reference to its centre, identifies vessel type and calculates retinal variables. The measured areas for retinal vascular variables are standardised as the region from 0.5 to 2.0 optic disc diameters from the disc margin. All the vessels within the measured areas are traced, and an unsupervised approach is used to classify vessels into arterioles or venules. Measurement of retinal variables is performed by trained graders who are responsible for the visual evaluation of SIVA's automated measurements and performing manual intervention if necessary. SIVA's manual options include adjusting grid placement, correcting wrongly identified vessel types, identifying connecting or disconnecting vessel segments (if the measurement segment is considered unreliable) and modifying widths of vessel segments, according to SIVA's grading protocol curliness of the vessels; smaller tortuosity values indicate straighter retinal vessels.
Bifurcation The retinal vascular branching angle was defined as the first angle subtended between two daughter vessels at each vascular bifurcation [27] . The mean widths of the parent vessel (d 0 ) and the two daughter branching vessels (d 1 and d 2 , d 1 < d 2 ) were also measured. The branching coefficient was defined as the ratio of the branching vessel widths to trunk vessel width ( [27] . The retinal branching measurement was not bounded by the standardised measured region (within 0.5 and 2.0 disc diameters). Larger branching coefficient values indicate wider branching vessel widths.
Fractal dimension The retinal vascular fractal dimension was calculated from a skeletonised line tracing using the boxcounting method, and represents a 'global' measure summarising the whole branching pattern of the retinal vascular tree [28] . Larger values indicate a more complex branching pattern.
Calibre Retinal vascular calibre was measured following the standardised protocol used in the Atherosclerosis Risk in Communities (ARIC) study based on the revised KnudtsonParr-Hubbard formula using SIVA. The retinal arteriolar and venular calibres of the large six arterioles and venules were summarised as the central retinal artery equivalent (CRAE) and central retinal vein equivalent, respectively [29] .
Assessment of other risk factors
Age was defined as age at the time of baseline examination. Duration of diabetes was the period between age at diagnosis and age at baseline examination. Systolic and diastolic BPs were measured using a digital automatic blood pressure monitor (Dinamap model Pro Series DP110X-RW, 100V2; GE Medical Systems Information Technologies, Milwaukee, WI, USA), after the participant had been seated for at least 5 min. BP was measured twice, 5 min apart. A third measurement was made if systolic BP differed by >10 mmHg or diastolic BP differed by >5 mmHg. The mean between the two closest readings was then taken as the BP of that individual. Mean arterial BP (MABP) was calculated as two-thirds of the diastolic plus one-third of the systolic BP. Hypertension was defined as systolic BP of ≥140 mmHg, diastolic blood pressure of ≥90 mmHg, a self-reported history of physician-diagnosed hypertension or use of antihypertensive medication.
Non-fasting venous blood samples were analysed at the National University Hospital Reference Laboratory for biochemical testing of serum total cholesterol, HDL-cholesterol, LDL-cholesterol, triacylglycerol, HbA 1c , creatinine and glucose. Current smokers were defined as those currently smoking any number of cigarettes (i.e. current vs past/never).
BMI was calculated as body weight (in kilograms) divided by body height (in meters) squared. eGFR was estimated from standardised serum creatinine using the recently developed Chronic Kidney Disease Epidemiology Collaboration equation.
Statistical analysis
Independent t test or χ 2 tests were used to examine the differences in baseline characteristics between included and excluded participants in SiMES. First, we examined the relation of individual retinal vascular geometric variables measured by SIVA to the four outcomes: incidence of diabetic retinopathy, incidence of referable diabetic retinopathy, incidence of VTDR and progression of diabetic retinopathy, adjusting for established risk factors (age, sex, duration of diabetes, HbA 1c , MABP, BMI, eGFR, total and HDL-cholesterol) at baseline. Log-binomial models with an expectation-maximisation algorithm were used to estimate the RR and 95% CI between retinal vascular measures (per each SD increase) and the incidence of diabetic retinopathy, incidence of referable diabetic retinopathy, incidence of VTDR and progression of diabetic retinopathy.
Next, we examined the incremental usefulness of adding retinal measures to the prediction of two primary endpoints: incidence of diabetic retinopathy and incidence of referable diabetic retinopathy. We used principal component analysis to summarise all the outputted SIVA data in this analysis [30] as these would all be included in the retinal image assessment if we used the software for diabetic retinopathy screening. We retained the first to 12th unrotated SIVA components, which explained 85% of the total variance in the principle component analysis [30] . We calculated the C-statistic for the logbinomial regression models to quantify the predictive discrimination. Differences in C-statistics after addition of SIVA measures to a model with established risk factors were estimated and compared. Second, we assessed the calibration of risk prediction by comparing the predicted frequency of diabetic retinopathy events with the observed frequency, and we calculated the Hosmer-Lemeshow χ 2 statistic for the models to test goodness of fit. Values of p < 0.05 represent a significant difference between the expected and observed event rates, indicating that the model is not well calibrated.
Finally, we examined the net reclassification improvement (NRI) in prediction of incidence of diabetic retinopathy and incidence of referable diabetic retinopathy after adding the SIVA measures. NRI can quantify and evaluate the enhancement in clinically useful risk assessments when new markers are added to a standard risk prediction model. We first generated predicted probabilities for the incidence of diabetic retinopathy and of referable diabetic retinopathy outcomes using established risk factors only. Because no standard risk thresholds exist for populations with diabetes, we tested models of the 6 year cumulative incidence of diabetic retinopathy and incidence of referable diabetic retinopathy with two cut-off points (approximately tertiles) at 11.2% and 19.1%, and 2.0% and 4.8%, respectively, and classified participants into low-, intermediate-and high-risk categories. We then generated predicted probability for the outcomes using both SIVA measures and established risk factors. We used the same cutoff points, and participants were re-assigned to low-, intermediate-or high-risk categories.
We used p values of <0.05 from two-sided tests to indicate statistical significance. All statistical analyses were performed using STATA statistical software version 12 (StataCorp, College Station, TX, USA).
Results
Of the 3280 participants in SiMES-1, there were 1052 individuals with diabetes. We excluded 625 participants who had no follow-up (n = 559), or no (n = 15) or ungradable (n = 24) retinal images, and individuals with missing data (n = 27), leaving 427 persons with diabetes for participation in SiMES-2. Excluded diabetic participants were older and had higher BP, lower BMI and lower HbA 1c than those who were included (Table 1) . Of the 308 individuals with no diabetic retinopathy at baseline, 19.2% (n = 59) developed any diabetic retinopathy at follow-up. Of the 383 participants with no referable diabetic retinopathy at baseline, 7.57% (n = 29) developed referable diabetic retinopathy at follow-up. Of the 412 participants with no VTDR at baseline, 2.91% (n = 12) developed VTDR at follow-up ( Table 2) .
The age-and sex-adjusted relationship between retinal vascular geometric measures and incidence of diabetic retinopathy, incidence of referable diabetic retinopathy, incidence of VTDR and progression of diabetic retinopathy is shown in Table 3 . In the multivariate analysis ( , were independently associated with incidence of referable diabetic retinopathy. Regarding incidence of VTDR, we found that only increased CRAE was independently associated with incidence of VTDR in the age-and sex-adjusted model (Table 3 ). There were no significant associations between retinal vascular measures and incidence of VTDR after multivariate adjustment, possibly due to the small numbers (Table 4) . Of the 416 participants with no diabetic retinopathy or NPDR (steps 10/10 to 53/53) at baseline, 19.2% (n = 80) had diabetic retinopathy progression. Only greater simple tortuosity of the retinal arterioles (RR per SD increase 1.34 [1.12, 1.61]) was independently associated with 6 year progression of diabetic retinopathy after multivariate adjustment (Table 4 ).
The C-statistic for discrimination of any diabetic retinopathy and referable diabetic retinopathy prediction increased significantly by 8.59% from 0.733 to 0.796 (p = 0.031) and significantly by 5.40% from 0.833 to 0.878 (p = 0.023), respectively, after retinal vascular measures were added to the model together with established risk factors (Table 5 ). Figure 2 shows the receiver operating characteristic (ROC) curves of predictive discrimination for incidence of diabetic retinopathy and referable diabetic retinopathy, respectively. In the calibration assessment, dividing the population at risk into deciles of predicted risk vs observed event rate, the Hosmer-Lemeshow χ 2 statistics for incidence of diabetic retinopathy and referable diabetic retinopathy were 12.7 (p = 0.124) and 13.4 (p = 0.098) for the basic model, and 9.31 (p = 0.317) and 11.2 (p = 0.189) with the addition of retinal vascular measures, respectively, indicating that neither model had a significant lack of fit. However, retinal vascular measures did not statistically significantly improve the discrimination of VTDR prediction (C-statistics 0.958 vs 0.934, p = 0.144) and diabetic retinopathy progression (C-statistics 0.764 vs 0.754, p = 0.735) ( Table 5 ).
Among participants with no incidence of diabetic retinopathy events (Table 6 ) or with no referable diabetic retinopathy events (Table 7) , 65 and 106 were reclassified to a lower risk category (p < 0.001 for both) after addition of retinal vascular measures, respectively. The overall NRI was 18.8% (p = 0.025) and 20.7% (p = 0.015), respectively, indicating that significantly more were being reclassified appropriately than inappropriately.
Discussion
In our current study, we demonstrated that geometric measures in the retinal vasculature (arteriolar tortuosity, venular branching angle, venular branching coefficient, arteriolar fractal dimension, arteriolar calibre) were associated with risk of diabetic retinopathy in individuals with type 2 diabetes, independent of age, sex, duration of diabetes, HbA 1c , MABP, BMI, eGFR and total and HDL-cholesterol levels at baseline. We further showed that adding these retinal vascular geometric variables significantly improved discrimination and risk stratification for diabetic retinopathy and referable diabetic retinopathy. Our findings support the concept that computer software assessment of the retinal vasculature in fundus photographs may provide a means to risk stratify individuals at risk of diabetic retinopathy.
Most previous studies examining the relationship between retinal vascular geometric variables have been cross-sectional, and the few prospective studies have shown inconsistent results. In the older population-based sample with type 2 Data are mean ± SD or n (%) a Excluded due to lack of follow-up, missing retinal photographs from either SiMES-1 or SiMES-2, ungradable photographs or missing covariates [31] [32] [33] . The underlying mechanism(s) for this observation are less clear. Some researchers have suggested that retinal vascular tortuosity is related to diabetes-related haemodynamic changes such as disturbed blood flow and endothelial dysfunction [34] [35] [36] . Greater vessel tortuosity may also reflect increased angiogenesis and increased production of vascular endothelial growth factor [37] , so that greater tortuosity may also be interpreted as All groups were adjusted for age and sex at baseline All groups were adjusted for age, sex, MABP, BMI, diabetes duration, HbA 1c , total cholesterol, HDL-cholesterol and eGFR at baseline a very early sign of the neovascularisation seen in later stages of diabetic retinopathy. Greater arteriolar tortuosity may also indicate impaired arteriolar autoregulation [38] , leading to capillary wall dilatation (microaneurysm), leakage (oedema, hard exudates) and rupture (haemorrhage) [2] . Similarly, in our study, wider venular branching angle and increased venular branching coefficient, which are measures of circulatory efficiency and optimality, were associated with increased risk of diabetic retinopathy. Efficiency of blood flow is reduced when the bifurcation deviates from the optimal retinal vascular network [16, 27] . Our finding that a deviated venular bifurcation was associated with incidence of diabetic retinopathy may reflect alterations in blood flow associated with the development of diabetic retinopathy. In addition, studies have shown that wider retinal venular calibre is associated with markers of inflammation and endothelial dysfunction such as C-reactive protein and soluble intercellular adhesion molecule-1 [39] [40] [41] . Furthermore, a recent study has reported that an increased retinal venular branching coefficient is associated with higher risk of neuropathy, another diabetic microvascular complication, in participants with type 1 diabetes [42] . Therefore, in addition to disturbed blood flow, an increased venular branching coefficient, indicating wider venular branching width, may also reflect inflammation and endothelial dysfunction triggered by hyperglycaemia in diabetes, which has been suggested to be involved in the pathophysiology of diabetic retinopathy [43] .
Most previous studies have examined variations in retinal vascular calibre and suggested that specifically wider venular calibre may be a risk marker of diabetic retinopathy and may be useful to predict the incidence and progression of diabetic retinopathy [44] . However, these findings have been largely reported from cross-sectional studies, and data from prospective studies on the relationship between retinal vascular calibre and incidence and progression of diabetic retinopathy are limited, with inconsistent findings [44] . In this study, we found that wider retinal arteriolar, but not venular, calibre, was related to incidence of referable diabetic retinopathy, consistent with the few previous prospective studies [10] [11] [12] [13] [14] 45] . For example, wider arteriolar calibre was associated with incidence of diabetic retinopathy in both type 1 [10, 11] and type 2 [12, 13] diabetes in Australia, similar to our current findings. In another study, data from a group with type 1 diabetes in the Wisconsin Epidemiologic Study of Diabetic Retinopathy (WESDR) showed that wider retinal arteriolar calibre was associated with progression of diabetic retinopathy [45] . Our findings further support that arteriolar dilation is a sign of impaired arteriolar autoregulation due to hyperglycaemia-mediated endothelin-1 resistance and calcium influx channel inhibition in smooth muscle cells, which has been suggested to play a pivotal role in the initiation and progression of diabetic retinopathy [10, 38] . In contrast, in young individuals with type 1 diabetes in Denmark, narrower arteriolar calibre was found to be associated with 16 year incidence of PDR [21] . Furthermore, some studies have shown that neither arteriolar nor venular calibres were related to development of diabetic retinopathy [15] , whereas others have found that wider venular, but not arteriolar, calibre is associated with an increased risk of progression of diabetic retinopathy [45, 46] . The reasons for these discrepancies are unknown and probably reflect variations in age, sample size, follow-up periods, cardiovascular risk factors and type of diabetes that limit direct comparison.
In addition to retinal vascular calibre, another retinal vascular measure-fractal dimension-has been reported to be associated with prevalence of diabetic retinopathy [47] and incidence of PDR in type 1 diabetes [21] . Similar to the association between arteriolar calibre and incidence of referable diabetic retinopathy, we found that higher values of arteriolar fractal dimension, a global measure of complexity of the arteriolar branching pattern, were associated with incidence of referable diabetic retinopathy in our longitudinal data. In contrast, Lim et al found no association between retinal vascular fractal dimension and incidence of diabetic retinopathy in type 1 diabetes [20] . Therefore, caution must be applied in interpreting the findings. It is well known that traditional risk factors (e.g. HbA 1c , BP, duration of diabetes) do not fully explain the risk of an individual developing diabetic retinopathy [48] . We showed that the addition of retinal vascular measures improved discrimination and reclassification for diabetic retinopathy, particularly in reclassifying participants without any incidence of diabetic retinopathy or referable diabetic retinopathy to a lower risk category, compared with models using only established risk factors. This suggests that retinal vascular geometric measures provide additional information in identifying individuals who are at low/high risk of diabetic retinopathy. How might this information be useful? Currently, individuals with diabetes are in many countries recommended to undergo annual fundus photography for diabetic retinopathy screening [1] . Incorporating retinal vascular assessment might thus allow a more 'personalised approach' to screening intervals; for example, those with lower risk may need only 2-yearly screening [49, 50] . Such approaches need to undergo further validation and cost-effectiveness analysis.
Strengths of our study include the low refusal rate and use of standardised protocols for diabetic retinopathy assessment and retinal vasculature measurement with a computer-assisted program. There are, however, several limitations. First, most participants showing any incidence of disease being measured had NPDR; only 12 had incident VTDR. Therefore, it remains unclear whether retinal vascular measures could predict the risk of more severe diabetic retinopathy. Second, serum glucose and lipids were not measured from fasting venous samples, limiting the precision of these measures. Third, we did not collect seven-field stereoscopic retinal photographs to assess diabetic retinopathy; thus, mild disease may have been missed or misclassified. Nevertheless, using two-field retinal photographs reflects the actual situation for diabetic retinopathy screening. Fourth, 60% of our participants from SiMES-1 were excluded from the final analysis, so the generalisability of our study results may be limited. Further replication is needed. Fifth, there is currently no definite threshold of retinal vascular variables that can identify individuals at risk as retinal vascular variables overlap between 'disease' and 'no disease'. Assessment of changes in retinal vessel variables over time at an individual level is a better approach to identify individuals at risk. Ongoing studies are required to evaluate this approach. For example, we have started a national screening programme for diabetic retinopathy in Singapore based on retinal photography and telemedicine transmission of images to a central reading centre [5] . We are currently testing our software in this programme to help refine individual risk prediction for diabetic retinopathy screening. Sixth, the retinal vascular variables were measured by a semi-automated computer-assisted program, which may introduce variability between graders and limit application in clinical settings. Newer fully automated software is currently being developed [51, 52] . We are also developing 'deep learning' techniques using artificial intelligence, but this requires extremely large sample sizes, as recently demonstrated for automated diabetic retinopathy detection [53, 54] . Replicating our results and shifting towards measurement using this fully automated artificial intelligence software are the next steps in this research. In conclusion, our study shows that quantitative assessment of geometric measures of retinal vasculature provides prognostic information on the risk of diabetic retinopathy and referable diabetic retinopathy in individuals with type 2 diabetes. Adding such retinal vascular measures improves risk discrimination and stratification of diabetic retinopathy beyond standard systemic risk factors. These findings highlight the potential usefulness of examining retinal photographs in screening programmes to improve risk stratification for people with diabetes. Table 6 Reclassification of diabetic retinopathy risk after addition of retinal vascular measures in the prediction models of incidence of any diabetic retinopathy
Group
Retinal vascular measures + established risk category Reclassified as higher risk (n)
Reclassified as lower risk (n) NRI (%) p value Low (n) Intermediate (n) High(n) Total (n)
